[1] New results from wide-angle seismic data collected parallel to the central Aleutian island arc require an intermediate to mafic composition for the middle crust and a mafic to ultramafic composition for the lower crust and yield lateral velocity variations that correspond to arc segmentation and trends in major element geochemistry. The 3-D ray tracing/2.5-D inversion of this sparse wide-angle data set, which incorporates independent phase interpretations and new constraints on shallow velocity structure, produces a faster and smoother result than a previously published velocity model. Middle-crustal velocities of 6.5-7.3 km/s over depths of $10-20 km indicate an andesitic to basaltic composition. High lower-crustal velocities of 7.3-7.7 km/s over depths of $20-35 km are interpreted as ultramafic-mafic cumulates and/or garnet granulites. The total crustal thickness is 35-37 km. This result indicates that the Aleutian island arc has higher velocities, and thus more mafic compositions, than average continental crust, implying that significant modifications would be required for this arc to be a suitable building block for continental crust. Lateral variations in average crustal velocity (below 10 km) roughly correspond to trends in major element geochemistry of primitive (Mg # > 0.6) lavas. The highest lower-crustal velocities (and presumably most mafic material) are detected in the center of an arc segment, between Unmak and Unalaska Islands, implying that arc segmentation exerts control over crustal composition.
Introduction
[2] Island arcs are the surface manifestation of magmatism driven by subduction [e.g., Coats, 1952; Marsh and Carmichael, 1974; Hamilton, 1988] . The composition and structure of island arcs can distinguish between competing models for arc magmatic systems and for the creation of new continental crust. Compilations of crustal geochemical and geophysical data indicate that the bulk composition of the continental crust is equivalent to a high Mg # andesite (molar Mg/(Mg + Fe), or Mg # > 0.5,SiO 2 > 54 wt%) enriched in incompatible elements, with an average P wave velocity of $6.45 km/s [Smithson et al., 1981; Braile et al., 1989; Christensen and Mooney, 1995; Kelemen, 1995; Rudnick, 1995; Rudnick and Fountain, 1995] . Lavas with this composition are observed only in arcs, giving rise to the hypothesis that the accretion of island arcs is a primary means of continental genesis and growth [e.g., Taylor, 1967; McLennan and Taylor, 1982] . The island arc models require either that the bulk composition and average velocity of island arcs are similar to that of continental crust or that island arcs are modified during or after accretion [e.g., Smithson et al., 1981] .
[3] While high Mg # andesites, enriched in rare earth elements, can be created in intraoceanic arcs [Kelemen, 1995; Yogodzinski et al., 1995; Hirose, 1997; Yogodzinski and Kelemen, 1998; Tatsumi, 2001] , the majority of extrusive material produced in this geologic setting is basaltic [Myers, 1988; Plank and Langmuir, 1988; Rudnick, 1995; Kelemen et al., 2003a] . Consequently, some models call on the modification of a mafic arc to create continental crust. Proposals include reworking of intraoceanic island arcs by secondary melting [Arndt and Goldstein, 1989] , magma mixing [McBirney et al., 1987] , delamination of lowercrustal cumulates [Arndt and Goldstein, 1989; Kay and Kay, 1993] , or some combination thereof [Arndt and Goldstein, 1989; Jull and Kelemen, 2001; Kelemen et al., 2003a] to reconcile apparent differences between the composition of island arcs and continental crust. Alternatively, although the majority of extrusive material produced in intraoceanic island arcs is basaltic [Myers, 1988; Plank and Langmuir, 1988; Rudnick, 1995] , this does not require the middle and lower crust to be correspondingly mafic [Kelemen, 1995; Kelemen et al., 2003c] . Rising andesitic magmas, unlike their mafic counterparts, might crystallize in the lower and/or middle crust due to their relatively high viscosity, and thus be selectively preserved [Kay et al., 1990; Kelemen, 1995; Kelemen et al., 2003c] . The presence or absence of andesitic material in the middle and/or lower crust bears on the question of how arcs contribute to the amalgamation of continental crust and provides insight into the magmatic processes in intraoceanic island arcs.
[4] Intraoceanic island arcs offer the opportunity to study the composition of arc middle and lower crust in a place where the effects of preexisting material (e.g., continental crust) are minimal. The Aleutian island arc provides an ideal natural laboratory for the investigation of intraoceanic island arcs. Extensive geochemical data on extrusive rocks and xenoliths [Class et al., 2000; Myers and McElfresh, 2001; Kelemen et al., 2003c] , earthquake studies [Ekström and Engdahl, 1989; Engdahl et al., 1989; Abers, 1994] and GPS studies [Mann et al., 2002; Mann and Freymuller, 2003] are also available from the central Aleutian island arc, in addition to multichannel seismic (MCS) reflection and wide-angle reflection/refraction data [McGeary and Group, 1996; Fliedner and Klemperer, 1999; Holbrook et al., 1999; Fliedner and Klemperer, 2000; Lizarralde et al., 2002] (Figure 1 ). In this paper, we present a new velocity model of an 800-kmlong wide-angle seismic reflection/refraction line (line A2), which parallels the central Aleutian island arc, extending from Atka Island to Unimak Island, and compare crustal velocities to geochemistry along the arc. Klemperer [1999, 2000] published the first interpretations of this data set. Our model incorporates independent phase interpretations and new data on shallow levels of the arc not included in previously published models; reflections and refractions from MCS shot gathers and seafloor bathymetry are included to constrain shallow heterogeneity along the shot line. A 3-D ray tracing/2.5-D inversion approach [Van Avendonk et al., 2004] was used to produce a robust seismic velocity result. We also compare line A2 velocity structure with along-arc geochemistry, compiled by Kelemen et al. [2003c] , and with [Holbrook et al., 1999; Lizarralde et al., 2002] . (a) Map showing tectonic and geographic framework of 1994 Aleutians experiment. Black lines and arrows indicate the arc segmentation and rotation described by Geist et al. [1988] based on structural studies. Blue boxes and text show arc segmentation suggested by Kay et al. [1982] based on geochemistry. Arc segmentation has been correlated with systematic changes in geochemistry and temperature along the central Aleutian arc [e.g., Kay et al., 1982; Singer and Myers, 1990] arc segmentation [Kay et al., 1982; Geist et al., 1988] . Our final velocity model contains higher velocities than the model of Fliedner and Klemperer [1999] , a distinct three-layer structure, middle-crustal velocities indicative of intermediate and mafic plutonism, and lower-crustal velocities indicative of mafic and ultramafic cumulates. Our result demonstrates that the Aleutian island arc is significantly more mafic that continental crust. The highest lower-crustal velocities occur in the center of an arc segment, implying that segmentation of the upper plate exerts control over crustal composition.
Geologic Background
[5] The Aleutian island arc-trench system extends 3000 km from the Kamchatcka Peninsula to the Gulf of Alaska [Fournelle et al., 1994; Plafker et al., 1994; Vallier et al., 1994] . The Pacific Plate lithosphere subducts beneath oceanic material west of Unimak Pass, and to the east of Unimak, the Pacific plate is subducting beneath Early Permian and Mesozoic accreted terranes and volcanics [Fournelle et al., 1994] . The majority of oceanic crust west of Unimak Pass is probably derived from the relic Kula plate, though the origin of Bering Sea crust is poorly constrained and likely includes other terranes [Marlow and Cooper, 1983; Cooper et al., 1992] . At 59 Ma, both the Kula plate and the Pacific Plate were subducting in the Aleutian trench, and these two plates were separated by a transform fault. At 56 Ma, subduction jumped south, stranding a small piece of the Kula plate (''Aleutia'') on the North American plate [Marlow and Cooper, 1983] . At 40 Ma, the Kula plate subducted entirely, and the direction of convergence shifted from north to north-northwest.
[6] Despite the complexity added by the entrapment of the Kula plate and changes in the rate and direction of convergence, the Aleutian island arc still remains one of the best examples of a classic intraoceanic arc, free of some of the complications encountered in the investigation of other arcs. Subduction in the central Aleutians, the focus of this study, is currently nearly perpendicular to the trench (Figure 1a) , with a convergence rate of 60-75 mm/yr, although subduction becomes more oblique westward [DeMets and Dixon, 1999] . The location of volcanism has only varied slightly over the last 20 m.y. [Fournelle et al., 1994] . The central Aleutians have experienced comparatively little intra-arc extension or compression, although major element compositions and Sr isotopic characteristics have been interpreted as suggesting that some extension occurs above the subduction of the Amlia Fracture Zone (FZ), Adak FZ and Rat FZ [Singer and Myers, 1990; Kay and Kay, 1994] . Additionally, calculations based on earthquake slip vectors yield an arc-parallel extensional strain rate of $3.0 Â 10 À8 yr À1 [McCaffrey, 1996] .
[7] The locations of fracture zones in the subducting plate, together with the locations of the Bowers Ridge, transitions in upper plate composition (e.g., from oceanic to continental) and earthquake aftershock zones, have provided the basis for dividing the upper plate into four discrete ''segments'': Rat, Adreanof, Four Mountains, and Cold Bay [Kay et al., 1982; Kay and Kay, 1994] (labeled with blue boxes and text, Figure 1a ). The size and composition of volcanoes show an approximate variation from the edges of these segments to their centers. Large tholeiitic volcanoes tend to lie on segment ends and small, relatively felsic, calc-alkaline volcanoes tend to occur in segment centers [Kay et al., 1982; Kay and Kay, 1994] . More recent studies based on stress homogeneity and earthquake distribution suggest further segmentation of the overriding plate, which may not correspond exactly to fracture zones or other features on the subducting plate [Geist et al., 1988; Nishenko and Jacob, 1990; Lu and Wyss, 1996] . Structural investigations of arc segmentation indicate that blocks are rotating counterclockwise due to changes in Pacific Plate subduction direction and coupling between the Pacific and North American plates [Geist et al., 1988] (Figure 1a ), particularly west of Adak Island. Line A2, the focus of this study, lies primarily within the Four Mountains and Cold Bay blocks, except the western portion of the line, which lies west of the subduction of the Amlia FZ in the Adreanof block ( Figure 1a) . The specific geometry of upper plate segmentation, and its implications for changes in the stress regime within the Aleutian island arc, is important because it might exert control on the composition and volume of magmatic activity along the arc and on along-arc changes in the geothermal gradient [Kay et al., 1982; Singer and Myers, 1990; Singer et al., 1992; Kay and Kay, 1994] .
[8] Four major element suites are represented in extrusive rocks erupted on the Aleutian Islands:
(1) high-Mg tholeiitic basalts [Myers, 1988; Kay and Kay, 1994] , (2) high-Mg calc-alkaline basalts and andesites [Kay and Kay, 1994] , (3) low-Mg, high-Al basalts [Baker and Eggler, 1983; Myers et al., 1985; Myers, 1988; Brophy, 1989] , (4) enriched, high-Mg # andesites [Kay, 1978; Kelemen, 1995; Yogodzinski et al., 1995; Kelemen et al., 2003c] . Of these, low-Mg, high-Al and high-Mg basalts are the most abundant in the central part of the Aleutian island arc. Explanations for the occurrence of these diverse geochemical signatures in one island arc include variability in the source of parental magmas [Miller et al., 1992] , the effects of lithospheric structure [Kay et al., 1982; Singer and Myers, 1990; Singer et al., 1992; Kay and Kay, 1994] , and changes in the parental magma during ascent due to fractionation, contamination or crystallization [Myers, 1988; Kay and Kay, 1994] . Lateral changes in middle and lowercrustal velocity (which will be controlled primarily by major element geochemistry and temperature) can illuminate some of the causes for larger geochemical diversity in the Aleutians. If models calling for the control of extrusive geochemistry by arc segmentation are correct, corresponding variations in crustal velocity should be observable in wide-angle velocity models.
Data Set and This Experiment
[9] The wide-angle reflection/refraction data used in this study are part of a larger seismic data set that includes both MCS reflection and wide-angle reflection/refraction data collected along three transects, two perpendicular to the Aleutian island arc (lines A1 and A3) [Holbrook et al., 1999; Lizarralde et al., 2002] , and one along the arc (line A2) Klemperer, 1999, 2000] , as well as data collected in the Bering Sea [Lizarralde et al., 2002] (Figure 1a ). Line A2, the subject of this paper, is an $800-km-long transect parallel to the central Aleutian island arc (Figure 1b) . MCS reflection data were acquired on the 4-km streamer of the R/V Maurice Ewing at a sampling interval of 4 ms. Wide-angle data were acquired by portable land seismometers positioned on islands between Atka and Unimak and two ocean bottom seismometers positioned between Atka and Umnak. These instruments recorded shots from the R/V Maurice Ewing, which traveled south of the Aleutian Islands. Several instruments recorded only shots fired along lines A1 and A3; data from these instruments were not included in this study because the majority of these ray paths do not lie parallel to the arc, unlike other instruments along line A2. Shot spacing ranged from 34 to 61 m, and the sampling interval on most instruments was 10 ms. The ray paths resulting from the source-receiver geometry span a 3-D volume along line A2. Land instrument positions lie between 20 and 60 km north of the shot line, which itself parallels the arcuate island chain. This geometry presented two challenges: (1) shallow structure along the shot line and around receivers was not constrained by data recorded on OBS or portable seismometers; (2) ray paths from the shot line to the receivers travel over a large 3-D region (9.6 Â 10 5 km 3 ), but are too sparse to constrain full 3-D structure.
[10] While 3-D in nature, this along-arc transect presents a unique opportunity to understand arc properties. Cross-arc lines measure arc properties across one section of the arc, while arc-parallel lines allow for the detection of changes in arc properties along the arc and comparisons with extrusive geochemistry. To deal with the sparse, 3-D nature of this data set, we used a 3-D ray tracing/2.5-D inversion scheme that accounts for shallow 3-D structure (on the shot line and at the receivers) but constrains the middle and lower crust to remain constant perpendicular to the arc [Van Avendonk et al., 2004] . Although rays are traced in a 3-D model, ray coverage is too sparse to constrain the velocity characteristics on a 3-D rectangular grid. As a result, the number of model parameters must be decreased, and one logical manner in which to limit the degrees of freedom in inversion is to assume that the velocity structure is constant in the cross-arc direction [Van Avendonk et al., 2004] . Our modeling approach is discussed in greater detail in another section of this paper and is fully described by Van Avendonk et al. [2004] .
Data Processing
[11] Prior to phase correlation and modeling, wideangle data underwent several premodeling processing steps, including band-pass filtering, predictive deconvolution and recalculation of shot-receiver offsets. Zero-phase, 8-pole, Butterworth band-pass filters limited data frequencies to 4-20 Hz and were carried out in the frequency domain. Least squares, predictive deconvolution was applied using 1% prewhitening, a filter length of 0.5 and a prediction distance of 0.05 s to remove ''ringy'' appearance of some phases. An offset-dependent gain was also applied for data plotting.
[12] Similar processing was applied to MCS shot gathers employed to create a shallow velocity model along the shot line. Frequency domain, minimum phase band-pass filters limited data frequencies to 4-80 Hz. Predictive deconvolution with 1% prewhitening, filter length of 0.4 and a prediction distance of 0.2 s were also applied.
Shallow Structure Constraints From MCS Shot Gathers
[13] The velocity model previously constructed from this data set does not incorporate information on the shallow structure along the shot line, including seafloor topography Klemperer, 1999, 2000] . The minimum offset recorded on most land stations was 20 km, so that no information on the shallow features (less than $6-7 km depth) along line A2 is present in the wide-angle receiver gathers. The shallow velocity structure along strike is important to this study because travel time delays caused by shallow heterogeneities, such as sedimentary basins, can be propagated into deeper regions of the velocity model if ignored. Shallow structures vary significantly along line A2; Lizarralde et al. [2002] describe five sedimentary and upper-crustal layers in their velocity model of line A3, which crosses the arc at Unimak Pass. Four of these laterally varying upper-crustal layers are constrained by turning waves with offsets less than 25 km. Given that the minimum offsets in the wide-angle data recorded on land stations studied are usually between 20 and 30 km, little information on this complicated shallow structure is contained by the wide-angle data set. Because interpretations concerning the composition of the deeper crust are sensitive even to small fluctuations in velocity (0.1-0.5 km/s), these shallow structures need to be incorporated in a complete velocity model. [15] Over 1000 MCS shot gathers (every 20th gather along line A2, roughly spaced at 1 km) were used to build a 2-D model of the shallow structure along the shot line on line A2 in Rayinvr [Zelt and Smith, 1992] . Reflections from the seafloor and top of basement and refractions through the sediments and uppermost crust were interpreted on each shot gather where present. Around 14,650 picks with assigned errors of 0.1 s were included in the analysis. We found a seismic velocity model for the shallow basement and overlying sediments by fitting MCS shot gathers with a data misfit, c 2 , of 0.76 and a RMS travel time residual of 0.086 (Figure 3) . This model was incorporated in the crustal model for accurate representation of the shallow structure beneath the shot line, and the sediments and basement depth were left fixed during inversion of the wide-angle data [Van Avendonk et al., 2004] . Velocity information is unavailable on a section of upper crust below the reach of turning waves recorded on the MCS streamer and above the reach of turning waves recorded on land seismometers; in these sections, upper crustal velocities in our initial velocity model were taken from other velocity models in this region that contain information on shallow crust [Abers, 1994; Holbrook et al., 1999; Lizarralde et al., 2002] . The inclusion of information on the shallow structure along line A2 accounted for a significant amount of the smallscale variability observed in crustal arrivals in the wide-angle records. The magnitude of basement topography was as great as 1 km (e.g., near model km 220 and 700). Given that sediment velocities were usually $2 km/s and uppermost crustal velocities $4-5 km/s, neglecting variations in shallow structure could impart a maximum error of 250 ms. More common variations in topography of 0.25-0.5 km could introduce delays of $100 ms.
[16] Shallow velocity structure beneath the individual receivers was accounted for by applying constant travel time shifts. A shift of 0.4 s accounted for the shallow structure of the volcanic islands where eleven land seismometers were deployed; upper crustal velocity structure is likely different beneath islands compared to other parts of the arc [Van Avendonk et al., 2004] . No travel time shift was applied to receiver gathers recorded by ocean bottom seismometers.
Phase Correlation
[17] Phase correlation of crustal arrivals on instruments along line A2 was accomplished by com- [18] Reflections and refractions identified in wideangle data delineate three distinct crustal layers and the uppermost mantle in some places. While apparent velocity varies within each crustal layer, particularly in the shallowest crustal layer, the three-layer interpretation of crustal phases is required because refracted waves bound by reflections and showing distinct apparent velocities are observed. Figure 6e shows a record from Nikolski2, which lies approximately in the center of line A2 and shows three-layer structure very clearly. Note the clear triplications between refractions P1 and P2 and between P2 and P3. A three-layer structure within the Aleutian island arc is also observed in wide-angle data collected on cross-arc lines A1 and A3 [Holbrook et al., 1999; Lizarralde et al., 2002] .
Wide-Angle Modeling Procedure
[19] Klemperer [1999, 2000] used a 3-D finite difference ray tracing and inversion scheme to obtain a velocity model along line A2 [Hole, 1992; Hole and Zelt, 1995] . Because of the sparse nature of this data set, we chose to use a 3-D ray tracing/2.5-D inversion code [Van Avendonk et al., 2004] , an extension of the code used by Van Avendonk et al. [2001] , to improve the constraints on inversion. The derivation and parameterization of this modeling strategy are described completely by Van Avendonk et al. [2004] . Ray tracing is conducted in three dimensions, but the inversion does not allow velocities to vary perpendicular to the arc. The splines used in tomographic inversion represent the seismic velocity averaged across the arc platform [Van Avendonk et al., 2004] . Thus three-dimensional (3-D) structure in the shallow portion of the model is accommodated by incorporating a shallow velocity model along the shot line and by static time shifts at the land receivers, but the deeper structure is assumed to be twodimensional [Zelt and Zelt, 1998 ]. Given that most ray paths recorded in this experiment are broadly arc parallel, with the majority of their paths lying approximately 20 km trenchward of active arc within the arc platform, this assumption of crossarc homogeneity seems to be reasonable ( Figure 4 ). Previous velocity models that cross the Aleutian arc between Seguam and Amlia Islands and at Unimak Pass indicate cross-arc homogeneity within the arc platform, which also justify this approach, although lower-crustal velocities increase abruptly in the forearc [Holbrook et al., 1999; Lizarralde et al., 2002] .
[20] The starting model used for inversion must reproduce the observed pattern of arrivals; the detection of refractions through the middle and lower crust, particularly, places strong constraints on this model. The velocity structure used as a starting model is similar to the arc velocity structure obtained from inversion of P and S wave arrivals from local earthquakes [Abers, 1994] .
Model Description
[21] Our final velocity model contains three discrete velocity layers, with velocities of 6.5 -7.3 km/s in the middle crust for a depth range of $10 to 20 km, 7.3-7.7 km/s in the lower crust for a depth range of $20 to 35 km, and a total crustal thickness of 35 -37 km. Figures 7a -7m show picks and model predictions for each instrument. The final velocity model has a normalized c 2 of 1.46 and a RMS misfit of 0.133 s, and it is shown in Figure 8 . Van Avendonk et al. [2004] discuss the error statistics for individual layers, the uncertainties associated with crustal velocities and thicknesses, and the ability of this data set and method to resolve small-scale structure. Resolution analysis suggests that the primary features (>50 km Figure 5 . Generalized phase pattern. These phases are consistently observed on instruments along the entire 800-km span of line A2. P1 samples the upper crust (blue), P2 samples the middle crust (green), P3 samples the lower crust (yellow), and Pn samples the upper mantle (turquoise). Reflections (P1P (orange), P2P (red), and PmP (purple)) attend each of these refracted phases, suggesting discrete vertical velocity layering in the central Aleutian island arc along line A2. 
Upper Crust
[22] Because of large minimum shot-receiver offsets (>20 km), the shallowest layer resolved by the wide-angle data lies at 5-11 km in depth. Refractions through this layer and reflections from the bottom of this layer are identified on nearly every instrument (Figures 6a-6m ). All refractions are observed at shot-instrument offsets from the minimum offset recorded on each land instrument to as high as 75 km. Velocities range from 6.0 to 
Middle Crust
[23] The middle crust is sampled by arrivals on eight receiver gathers and lies at depths of 10 to 20 km. Refractions from this layer consistently have apparent velocities close to 7 km/s (and appear flat on the reduced sections in Figures 6a-6m ) and are typically seen from shot-instrument offsets of 70 to 150 km. Velocities in this depth interval range from 6.5 to 7.3 km/s, although the velocity variation is more modest in areas of dense ray coverage: 6.7-7.3 km/s. The highest velocities within the middle crust are found beneath Unalaska Island (model km $620), and the lowest are found beneath the Islands of the Four Mountains (which include Kagamil, Chuginadak, Uliaga, Carlisle, and Herbert Islands, model km $375).
Lower Crust
[24] The lower crust is the least constrained yet thickest crustal layer, extending from depths of $20 to 35 km. PmP reflections and occasional direct arrivals require high velocities between 7.3 and 7.7 km/s. Direct arrivals are observed on five receiver gathers and span shot-receiver offsets of 140 to 180 km. Although lower-crustal refractions are rare in island arcs, they are also observed on lines A1 and A3 [Holbrook et al., 1999; Lizarralde et al., 2002] . The highest velocities within the middle crust are found beneath Umnak Island and Unimak Pass (model km $725). We assume that the observation of lower-crustal refractions indicates increasing velocity with depth throughout the crust along line A2, and that no large or pervasive low-velocity zones are present in this region of the crust.
Uppermost Mantle
[25] Pn is rarely observed in this data set, only appearing on four instruments (Nikolski2, Kashega, Chernofski, and Captains Bay) for a short range of shot-receiver offsets (typically 180 to 190 km). Where seen, Pn gives upper mantle velocities of 7.8-8.1 km/s, significantly higher than observed in previous seismic investigations of this arc [Fliedner and Klemperer, 1999] or other arcs [Hasegawa et al., 1991; Zhao and Hasegawa, 1994] . Picks on these instruments have the highest assigned errors (0.2 s) and worst fit in the final model [Van Avendonk et al., 2004] . As a result, we have the least confidence in these interpretations and the mantle velocities derived from them.
Comparison With Other Seismic Velocity Models of Aleutians
[26] Below, we compare our velocity model for line A2 with previously published velocity models for line A2 Klemperer, 1999, 2000] , cross-arc lines A1 and A3 [Holbrook et al., 1999; Lizarralde et al., 2002] , and the 3-D P wave velocity model in the eastern Aleutians derived from local earthquake arrivals by Abers [1994] .
Previously Published Model of Line A2
[27] Our new velocity model differs in several significant respects from the velocity model previously published from this data set [Fliedner and Klemperer, 1999, 2000]: (1) higher velocities are observed in the middle and lower crust, (2) distinct vertical stratification of velocity structure is apparent, and (3) greater lateral continuity characterizes the middle and lower crust. While the model of Fliedner and Klemperer [1999] reaches comparably high velocities in the middle and lower crust (e.g., beneath Chernofski at FK model km $475 and between OBS A2A3 and Nikolski at FK model km $300), these do not persist across the length of the central Aleutians as they do in our model ( Figure 9 ). For example, lower-crustal velocities as low as $6.6 km/s are found beneath Akun Island in their model (FK model km $625). Conversely, the lowest lower-crustal velocities found in our model are 7.3 km/s and lie in the vicinity of Seguam Island (model km 190) . Given that the model of Klemperer [1999, 2000] has a thinner, lower velocity crust than our final model, we must assess the possibility that there might be a trade-off between lower crustal velocity and crustal thickness since this layer is the least constrained portion of the crust. Van Avendonk et al. [2004] calculate the trade-offs between lower crustal velocity and depth to the Moho and find maximum trade-offs of $1 km in Moho depth and $0.5 km/s in lower crustal velocity in the poorly constrained, westernmost portion of the model, and more typical tradeoffs of $0.5 km in Moho depth and $0.25 km/s in lower crustal velocity in the eastern part of the model, where data coverage is better. Since Fliedner and Klemperer find velocities as low as 6.6 km/s in the lower crust, these trade-offs cannot account for differences between our model and the model of Fliedner and Klemperer alone. Therefore the primary reason that our model is faster, overall, than the model of Klemperer [1999, 2000] is likely a difference in phase interpretations; middle and lower-crustal reflections and refractions interpreted on many instruments (Figures 6a-6m ) require high velocities in these layers. [28] In addition to the higher velocities observed in our model, the models differ in their horizontal and vertical structure. The model presented in this paper is more vertically stratified, containing three layers, separated by velocity discontinuities; this is a direct consequence of our phase interpretations, which recognize refractions from each layer bound by reflections off of the boundaries between layers, and of our resulting modeling parameterization [Van Avendonk et al., 2004] . In contrast, the model of Fliedner and Klemperer [1999] does not show similar stratification; they interpreted intracrustal reflections as ''floating'' within a continuous velocity layer rather than indications of velocity boundaries [Hole, 1992; Fliedner and Klemperer, 1999] .
[29] Both models have some degree of lateral variability, though its manifestation in our model is more subdued. Our model shows variations of $0.4 km/s in the lower crust; Fliedner and Klemperer [1999] have $0.8 km/s. We attribute the mitigation of some small-scale lateral variability in our model to our incorporation of shallow velocity structure, which explains some of the small-scale structure observed in crustal phases on wide-angle records (Figure 3 ). Our use of 2.5-D inversion rather than a 3-D inversion for this sparse data set and our choice of smoothing parameters would likely result in a more constrained and smoother final model with fewer dramatic lateral variations.
Lines A1 and A3
[30] Substantial differences and similarities can also be observed between cross-arc lines A1 and A3 [Holbrook et al., 1999; Lizarralde et al., 2002] . A similar three-layer structure is observed in these models; this might be partially due to the similar approach to phase interpretation employed by these authors. However, these models differ from line A2 in that they show thinner crust and lower velocities in the middle and lower crust. Line A1, which crosses the western portion of line A2 between Seguam and Amlia Islands, reaches a maximum thickness of $30 km and contains middle-crustal velocities of 6.6-6.8 km/s and lower-crustal velocities of 7.0-7.3 km/s. Our velocity model is slightly faster and thicker at this crossing, with middlecrustal velocities of $6.8 km/s, lower-crustal velocities of $7.3 km/s, and a crustal thickness of 35 km (model km $180 km, Figure 8 ). Line A3, which crosses the eastern portion of line A2 at Unimak Pass (model km $750, Figure 8) , intersects a complicated portion of line A3, where lowercrustal velocities are laterally increasing from 6.9 to 7.4 km/s, and at the edge of a thick portion of middle crust, which Lizarralde et al. [2002] attribute to tectonic thickening of the Kula plate. At the intersection, line A3 contains middle-crustal velocities of $6.8 km/s, lower-crustal velocities of $7.0-7.3 km/s, and a crustal thickness of 32 km. Once again, line A2 has a slightly thicker crust and higher velocities, with middle-crustal velocities of 6.9-7.0 km/s, lower-crustal velocities of 7.3-7.4 km/s and a crustal thickness of 35 km. However, these portions of the line A2 model are poorly resolved; they are crossed only by ray paths recorded by instruments positioned on Atka and on Akutan and Akun, respectively, which show comparatively poor data quality (Figures 6a, 6b , and 8b).
[31] The comparatively high velocities and thick crust on line A2 might be explained by the influence of the forearc. While most of the ray paths (Figure 4) . The forearc on both lines A1 and A3 is composed of material with higher middle-and lower-crustal velocities compared to the arc. Additionally, lines A1 and A3 intersect the extremities of line A2, and are thus only crossed by unreversed phases. As a result, these portions of the model are poorly constrained.
Velocity Model From Local Earthquakes
[32] A 3-D velocity model for the eastern Aleutians around Unimak Island and the Alaska Peninsula has also been derived using P and S waves generated by local earthquakes [Abers, 1994] . This model contains comparatively high velocities at depths of $20-35 km beneath Unimak Island. Lower-crustal velocities beneath the arc at Unimak Island range from 7.39-7.90 km/s, which compare well with lower-crustal velocities on line A2 (7.3-7.7 km/s). Likewise, middle-crustal velocities in this model are $6.3-7.29, which are also similar to those observed on line A2 (6.5-7.3 km/s). As in cross arc lines A1 and A3, earthquake arrivals also indicate that crustal velocities generally increase southward approaching the forearc [Abers, 1994; Holbrook et al., 1999; Lizarralde et al., 2002] .
Discussion
[33] Our final velocity model contains several new features that bear on arc composition and structure: (1) relatively high middle-and lower-crustal velocities, (2) distinct three-layer structure, (3) a correlation between lower-crustal velocities and arc segmentation, and (4) along-arc variations in average velocity that correspond to trends in extrusive geochemistry. Velocities in the middle ($6.92 km/s) and lower crust ($7.45 km/s) suggest the predominance of mafic material in the Aleutian island arc (Figure 8 ).
Considerations for Interpreting Velocity Structure
[34] In the following sections, we seek to link seismic velocity to the composition of arc-related magmatic additions. However, the interpretations made from our velocities will depend on the thermal gradient structure of the arc and on the velocity structure of the crust on which the Aleutian island arc is built. We briefly describe each of these additional considerations in this section.
[35] Our choice of a thermal gradient will affect the temperature corrections applied to laboratory measurements for comparison with our data. Many reviews have been completed of arc thermal structure. Here, we seek a reasonable range of geothermal gradients that would apply to the crust beneath line A2. Because line A2 lies $20 km trenchward of the active volcanic line, we anticipate a cooler geothermal gradient here than beneath the active volcanic line itself. Many recent studies indicate a sharp gradient in arc temperatures in this area [Hyndman and Peacock, 2003] . For example, the thermal models of Hyndman and Peacock [2003] can be used to show a drop in the geothermal gradient from 20°C/km to 15°C/km by moving 20 km trenchward of the active arc in NE Japan, which is similar to the Aleutians in that cold, old oceanic crust is subducting in this trench. Since our line lies in the vicinity of this lateral change in the thermal regime, we correct experimental velocities for temperature using both 15 and 20°C/km, although the location of our line and the high velocities in our model, which imply cooler temperatures, lead us to favor the cooler gradient.
[36] Knowledge regarding the crust on which the Aleutian arc is built is critical when considering the composition and volume of arc magmatic products. Most of the Aleutian island arc sampled by line A2 is built on oceanic crust, likely from the relic Kula plate. In these places, as much as 5 km of the Aleutian midcrust might be attributed to oceanic crust [Lonsdale, 1988] . Lines A1 and A3, cross-arc lines that intersect line A2 at Seguam Pass and at Unimak Pass (Figure 1) , image a $5-km thick layer with velocities of $6.5-6.9 km/s, which have been interpreted to represent oceanic crust [Holbrook et al., 1999; Lizarralde et al., 2002] . Near the intersection with line A2, Lizarralde et al.
[2002] interpret a 10-km-thick bulge with velocities of 6.7 -6.9 km/s on line A3 to represent tectonic thickening of the Kula plate. Part of the Aleutian island arc beneath line A2 passes south of Unmak Plateau, which might be an oceanic plateau that was added to Alaska contemporaneously with the Kula plate [Ben-Avraham and Cooper, 1981] (labeled on Figure 1 ). If this section of the Aleutian island arc is indeed built on an oceanic plateau, the original velocity structure of the crust on which the Aleutian arc was built might be very different from ''normal'' oceanic crust. For example, seismic studies of the Ontong Java oceanic plateau yield crustal thicknesses of 31 km and a three layer structure with middle-crustal velocities of 6.1 km/s and lower-crustal velocities of 7.1 km/s [Gladczenko et al., 1997] . Other oceanic plateaus show variable thicknesses and velocity structures [Ben-Avraham and Cooper, 1981] . Because of the uncertainties associated with the creation and amalgamation of the Umnak Plateau, including its original thickness and velocity structure, it is impossible to quantify the extent to which it accounts for middle and lower crustal velocity structure in this area. Consequently, we assume that the Aleutian island arc along line A2 was primarily built on oceanic crust in our discussion of the middle crust.
Upper Crust Composition
[37] Upper-crustal velocities of 6.0-6.5 most likely indicate the presence of fractured plutonic rocks and, to a lesser extent, volcanic flows [Holbrook et al., 1999; Lizarralde et al., 2002] . The depth range of this layer allows lateral velocity variation to be explained by either variable composition or by fracture and porosity distribution, as cracks are found in the earth at depths up to 12 km [Carlson and Gangi, 1985; Ganchin et al., 1998 ]. Thus it is impossible to determine composition at these depths from seismic velocity. The major element geochemistry of rocks exposed at the surface suggests that diverse compositions would be present in this layer; basaltic lavas are most abundant in the central Aleutian Islands [Myers, 1988] , while exposed plutonic rocks in the same region are most often andesitic [Kelemen, 1995; Kelemen et al., 2003a] .
Middle Crust Composition
[38] Middle-crustal velocities between 6.5 -7.3 km/s permit a wide range of possible compositions, although the spectrum of velocities in wellresolved portions of the model is more limited: 6.8 -7.3 km/s (Figure 8b ). We interpret these velocities to represent a combination of mafic and intermediate plutons that been added to the oceanic crust on which most the central Aleutians was constructed. Despite the large range of velocities and implied permissible compositions, the average middle-crustal velocity of 6.92 km/s in this depth range indicates that the middle crust of this arc is relatively mafic compared to other arcs and continental crust. We briefly review outcrop and xenolith studies in the Aleutians, studies of the middle crust of obducted arcs, and experimental and theoretical calculations of middle-crustal composition and velocity, and we compare these to middle-crustal velocities in the central Aleutians.
[39] As described in the previous section, we attribute some of the middle crust ($5 km) to the oceanic crust on which the Aleutian island arc is built. Intrusive arc magmatic products must account for the additional thickness of the middle crust on line A2 ($5 km). The majority of exposed plutonic rocks in the Aleutians, unlike the extrusive rocks, have an average composition equivalent to an andesite [Kelemen, 1995; Kelemen et al., 2003a] . Although it is uncertain how representative these might be of more remote middle-crustal material, their presence in outcrop and the likelihood that rising andesitic magmas are more viscous than their basaltic counterparts, and are thus more likely to crystallize in the middle crust than erupt at the surface, suggest that they may be abundant in this depth interval [Kelemen, 1995; Kelemen et al., 2003a] . Very few samples of middle-crustal origin have been recovered in the Aleutians with which we might compare middlecrustal velocities on line A2, and these are very diverse, ranging from granites to gabbronorites. Conrad and Kay [1984] inferred that hornblende gabbro xenoliths represent the most common midcrustal composition beneath Mt. Moffet on Adak Island, but they had little basis for deciding if a xenolith came from the middle or lower crust.
[40] Comparatively low velocities observed in the middle crust in some parts of our model (e.g., <6.8 km/s at model km $375 beneath Four Mountain Islands) strongly imply intermediate compositions, as they are too low to represent gabbros [Korenaga et al., 2002] . Global compilations of P wave velocities for gabbros (6.954-7.118 km/s for depths of 10-20 km and temperatures of 116°-501°C) [Christensen and Mooney, 1995] and more recent calculations using elastic constants for minerals, and mixture theory to calculate gabbroic rock velocities [Korenaga et al., 2002] indicate that high velocities (>7.1 km/s) in other sections of the middle crust unambiguously suggest the presence of gabbroic plutons. Recent estimations of velocity based on mineral assemblages predicted at middlecrustal depths by thermodynamic calculations allow for between 48.5 to 62.3 wt% SiO 2 and 4.2 to 7.8 wt% MgO for an average continental geothermal gradient (q s = 56 mW m À2 ), equivalent to the geothermal gradients discussed earlier [Behn and Kelemen, 2003 ].
[41] The presence of both andesitic and basaltic compositions in the middle crust is consistent with the composition and velocity of middle-crustal rocks collected from obducted arcs (e.g., Kohistan, Pakistan and Talkeetna, AK, USA), which are predominantly gabbroic in most descriptions [DeBari and Coleman, 1989; Pearcy et al., 1990; Miller and Christensen, 1994] but also contain large, felsic intrusive units [Khan et al., 1989; Krol et al., 1996; Kelemen et al., 2003a ; A. R. Green et al., A detailed geochemical study of island arc crust: The Talkeetna Arc Section, south-central Alaska, submitted to the Journal of Petrology, 2003 (hereinafter referred to as Green et al., submitted manuscript, 2003) ]. Miller and Christensen [1994] report V p of middle-crustal samples from Kohistan measured at middle-crustal confining pressures at values between $6.7-7.6 km/s, excluding a thin dunite layer. Measured samples interpreted to be midcrustal in origin include hornblende gabbronorites, gabbronorites, olive gabbros, and amphibolites. Once corrected for temperature using the dV p /dT (km/s/°C) values of 3.6 Â 10 À4 for fractionated crystal assemblages with velocities of 6.7 km/s and of 4.7 Â 10 À4 for assemblages with velocities of 7.6 km/s [Korenaga et al., 2002] , expected velocities range from 6.6 to 7.5 km/s for a geothermal gradient of 15°C/km and 6.5 to 7.4 km/s for a geothermal gradient of 20°C/km. These velocities are comparable to those in the middle crust of our velocity model. In summary, we interpret middle-crustal velocities of 6.5-7.3 km/s to represent plutons of andesitic to basaltic composition that have intruded the oceanic crust on which the central Aleutians are built. Although this range of velocities allows a wide range of permissible middle-crustal compositions, it still has a higher velocity than average continental midcrust (6.31 ± 0.27 at 15 km, 6.47 ± 0.28 at 20 km) [Christensen and Mooney, 1995] and other island arcs ($6.0 km/s) [Suyehiro et al., 1996] at comparable depths.
Lower Crust Composition
[42] High lower-crustal velocities of 7.3-7.7 km/s suggest that the lower portion of the central Aleutian island arc is composed primarily a mixture of garnet-bearing rocks, gabbros and ultramafic rocks. Below, we briefly review studies of xenoliths from the lower crust of the Aleutian island arc, materials commonly found in the lower-crustal sections of obducted arcs, and materials predicted by fractionation models and crystallization experiments, and we compare the velocities of these materials to velocities observed in the lower crust of our model. We also discuss the possible contribution of garnet to high lower-crustal velocities.
[43] Xenolith and geophysical studies in the Aleutian island arc provide corroboration for our interpretation of lower-crustal velocities. Mafic-ultramafic cumulates originating in the lower crust and upper mantle have been recovered from Adagdak and Moffet volcanoes, Adak [Conrad and Kay, 1984; DeBari et al., 1986] ; these include dunites, clinopyroxenites, wehrlites and amphibolites. Holbrook et al. [1999] correlate high lower-crustal velocities on line A1, which intersects line A2 at Seguam Pass, as mafic residua resulting from either calc-alkaline or tholeiitic fractionation. Lizarralde et al. [2002] also interpret high lower-crustal velocities under the arc on line A3 to represent mafic cumulates.
[44] Obducted arcs often preserve lower-crustal sections to which we can compare lower-crustal velocities of the central Aleutians along line A2. These sections are typically thin and may have lost material via delamination or during tectonic exhumation; thus they might not be representative of the original lower crust compositions or abundances [Jull and Kelemen, 2001; Kelemen et al., 2003a] . Velocity measurements of samples of mafic cumulates from the lower-crustal section of the Kohistan accreted arc taken at lower-crustal confining pressures found V p values between $7.4-8.1 km/s [Miller and Christensen, 1994] . These samples included amphibolites, garnet-bearing (30-35%) gabbros, garnet-bearing ($35%) hornblendites, serpentinized olivine pyroxenites, and websterites. Correcting for the effects of temperature using the relationship between velocity and dV P /dT for fractionated crystal assemblages of 5.6 Â 10 À4 (km/s/°C) derived by Korenaga et al. [2002] yields a velocity range of 7.2 to 7.8 km/s for a geothermal gradient of 15°C/km and 7.1 to 7.7 km/s for a geothermal gradient of 20°C/km. The depth range of our lower crust ($20-35 km) is consistent with depth estimates of lower-crustal cumulates from the Tonsina ultramafic and mafic assemblage based on phase relationships, which yield depths of 28-33 km (9.5-11 kbar) and temperatures of 800 to 1000°C [DeBari and Coleman, 1989; Kelemen et al., 2003b] . Pearcy et al. [1990] also estimate that basal cumulates in the Canyon Mountain arc complex formed between 15-30 km.
[45] Finally, global compilations and experimental data also support this interpretation of high lowercrustal velocities. Christensen and Mooney [1995] report velocities of 7.407-7.739 km/s for a pyroxenite at combinations of pressures suitable for depths between 20-35 km and temperatures between 309°-925°C. For the same range of depths and temperatures, Christensen and Mooney [1995] measured velocities of 6.788-7.120 km/s for hornblendites and 6.769-7.106 km/s for gabbro norite troctolites. A mixture of such compositions could produce the observed velocities. Likewise, velocities determined for a range of igneous compositions using thermodynamic calculations allows compositions with wt% SiO 2 between 44.8 and 49.5 and wt% MgO between 12.7 and 14.6 for an average continental geothermal gradient, equivalent to those discussed in a previous section.
[46] The extent to which garnet contributes to observed high velocities in the lower crust is uncertain. Because garnet-bearing metamorphic rocks, derived from intermediate to mafic plutonic rocks, are common in lower-crustal arc assemblages [DeBari and Coleman, 1989; Miller and Christensen, 1994; Jull and Kelemen, 2001; Kelemen et al., 2003a] , we infer that they are likely to be present in the Aleutian lower crust. Depending on bulk composition and H 2 O content, garnets can be stable in primitive gabbroic bulk compositions at lower-crustal temperatures and at pressures greater than 1.0 GPa, and at pressures greater than 0.7 GPa for more evolved gabbroic and dioritic compositions (high Fe/Mg) [Johnson and Essene, 1982; Jull and Kelemen, 2001; Müntener et al., 2001] ; most of the lower crust in this model resides below 20 km, the approximate depth at which garnets may begin to form in some (Fe-rich) compositions.
[47] Phase equilibria calculations suggest that the formation of abundant garnet occurs over a narrow pressure interval once garnet becomes stable in a given bulk composition [Jull and Kelemen, 2001] . This could produce a velocity discontinuity or high velocity gradient at the garnet isograd in compositionally uniform lower crust. However, sharp increases in garnet distribution over a narrow depth range are not expected within a compositionally heterogeneous lower crust. Thus the sharp middleto lower-crustal boundary in our model could be due to the garnet isograd in compositionally uniform, relatively evolved intermediate to mafic plutonic rocks, or to an abrupt change in bulk composition between the two layers. In summary, high velocities in the lower crust of our model suggest a mixture of mafic and ultramafic cumulates; we also conclude that garnets are likely present in these assemblages and probably contribute to the observed high velocities.
Upper Mantle Composition
[48] Our upper mantle velocities of 7.8-8.1 km/s are somewhat high for the uppermost mantle of an island arc. Previous studies (including the previous study of this data set) record velocities as low as 7.6 km/s [e.g., Fliedner and Klemperer, 1999] . Low velocities in other studies have been used to suggest the presence of partial melt and/or very high temperatures in the uppermost mantle [Kelemen et al., 2003b] . The presence of relatively high velocities beneath the central Aleutians is likely attributed to the location of line A2, 20 km trenchward of the active volcanic line, where fewer partial melts would be expected. It might also suggest that the uppermost mantle here, where sampled by turning waves in this experiment, is composed of ultramafic cumulates, similar to those observed beneath the Moho in the Kohistan and Talkeetna obducted arcs [DeBari and Coleman, 1989; Pearcy et al., 1990; Miller and Christensen, 1994; Müntener et al., 2001; Kelemen et al., 2003a] and to ultramafic xenoliths recovered in the Aleutians with depths of origin estimated below the Moho [Kay and Kay, 1985; DeBari et al., 1986] . Finally, Pn is likely only found in our data set where there is a sufficient contrast between the lower crust and upper mantle; particularly because we detect high lower-crustal velocities here, our sampling might be biased toward the highest mantle velocities. Because Pn samples only a small percentage of the upper mantle under the Aleutians and has poor travel time fits, these velocities may not be representative.
Compositional and/or Mineralogical Stratification
[49] The velocity model presented in this paper contains three distinct velocity layers within the crust, which extend across the entire 800 km span of line A2. This vertical stratification is a direct consequence of our phase interpretations, which identify three distinct crustal refractions, bound by reflections. Although such a pattern is observed on nearly all instruments where data quality permit, bounce points on layer boundaries do not require this structure continuously across the entire arc (Figure 8b ). However, if present, such velocity structure most likely represents compositional stratification, particularly at the upper-to midcrust boundary. The middle-to lower-crustal boundary could be produced either by a compositional transition or a sharp gradient in the modal proportion of garnet within compositionally homogeneous rocks, as the interpretations of velocities within each of these layers given above suggests (Figure 10 ). The implied existence of laterally Figure 10 . Cartoon illustrating the interpretation of the middle and lower crust. In this interpretation, high lowercrustal velocities found in the eastern portion of the model and in the center of a structural block are the result of cooler temperatures and relatively high pressure fractionation, which is expected to produce comparatively felsic extrusives at the surface and leave correspondingly mafic cumulates in the lower crust [Kay et al., 1982] . Likewise, lower-crustal velocities are relatively low at segment edges because of elevated temperatures caused by rising warm material [Singer and Myers, 1990] and by the comparatively less mafic cumulates generated by low-pressure fractionation, which is anticipated at structural block edges [Kay et al., 1982] . Black arrows represent the stress regimes predicted at segment edges and in segment centers. On a larger scale the average velocity of the crust steadily decreases westward, possibly because of the increasing obliquity of subduction or the decreasing age of the subducting plate; this is illustrated with the thin black arrow at the base of the cartoon. continuous stratification within the Aleutian island arc is consistent with studies of active arcs, which infer discrete compositional layers within arcs based on fractionation models [Conrad and Kay, 1984; Kay and Kay, 1985] , and of obducted arcs, which describe gabbros and diorites overlying both garnet granulites and mixtures of mafic and ultramafic cumulates [Burns, 1985; DeBari and Coleman, 1989; Khan et al., 1989; Pearcy et al., 1990; DeBari and Sleep, 1991; Miller and Christensen, 1994; Kelemen et al., 2003a; Green et al., submitted manuscript, 2003 ].
[50] The relative proportions of middle and lower crust that are present (based on crustal layer thicknesses in our velocity model) are similar to or lower than those dictated by most inferences based on obducted arcs or by some fractionation models based on xenoliths. Studies of sections of obducted arcs such as Kohistan and Talkeetna are often used to calculate relative proportions of various crustal compositions and thus derive mass balances or estimates of primary magma composition [Pearcy et al., 1990; DeBari and Sleep, 1991] . For example, DeBari and Sleep [1991] report 18% ultramafic cumulates, 16% garnet-and spinelbearing gabbros, 34% gabbros to tonalities, and 32% volcanic rocks across a representative section of the Talkeetna obducted arc, near Tonsina, AK. Likewise, the relative proportions of lower crust in other obducted arcs are as small as or smaller than observed in Tonsina (e.g., Talkeetna, Kohistan) [DeBari and Coleman, 1989; DeBari and Sleep, 1991; Miller and Christensen, 1994; Kelemen et al., 2003a; Green et al., submitted manuscript, 2003 ]. Because exposed arc sections are incomplete, it is likely that the observed relative thicknesses of each arc unit are not representative of the original arc structure [Pearcy et al., 1990] . More specifically, dense lower-crustal, ultramafic-mafic cumulates are more likely to be removed during obduction, if not before, than other arc sections due to their high density [Jull and Kelemen, 2001; Kelemen et al., 2003a] . Most studies agree that these arcs were originally of comparable thickness to the crust in our model of the Aleutians (>30 km) and that they originally included thick sections of mafic cumulates (at least $20 km), even if the entirety of these mafic sections are not preserved today [DeBari and Coleman, 1989; Kelemen et al., 2003a; Green et al., submitted manuscript, 2003 ].
[51] Predictions from fractionation models based on xenoliths from the middle and lower crust of the Aleutian islands suggest similar relative proportions of arc materials to those interpreted in the layers of our velocity model [Conrad and Kay, 1984; Kay and Kay, 1985; DeBari et al., 1986] . Kay and Kay [1985] use both calc-alkaline and tholeiitic fractionation trends and the major element geochemistry of extrusive materials along the arc to calculate relative proportions of upper and lower crust generated by fractionation of a common basaltic parental magma. In this calculation, the upper crust of the Aleutian arc includes basalt, high-Al basalt, andesite-basalt and andesite (and plutonic equivalents), and the parental magma is inferred to be similar to a olivine tholeiite that has a distinctive trace element and isotope chemistry inherited from the subducted slab and sediments. Their calculations yield a lower crust, composed of plagioclase-bearing cumulates and possibly ultramafic cumulates, whose volume is 150% of the corresponding upper crust. They also predict a layer of ultramafic-mafic cumulates near the crust-mantle boundary whose volume is 50% of the upper crust. In this case, their upper crust corresponds to our most shallow crustal layer, and all of the cumulates in their calculations (including plagioclase-bearing, mafic, and ultramafic) correspond to our middle and lower crust. Their predicted ratio of 1:2 of upper crust to middle and lower crust in our model compares well to the ratio of 1:2.5 present in our model. More recent crystallization experiments show that up to 60% of mantle-derived magmas might crystallize pyroxenites at high pressure (1.2 GPa) when high concentrations of H 2 O (>3%) are present [Müntener et al., 2001] .
High-Velocity Lower Crust in Arc Segment Center
[52] On the eastern section of line A2, notably high velocities are found in the lower and middle crust in the vicinity of Unmak and Unalaska Islands (Figure 8 ). This portion of the arc roughly corresponds to the middle of a segment in the overriding plate. These segments often correspond to features on the subducting plate (i.e., Amlia, Adak, and Rat Fracture Zones), though not always [Geist et al., 1988; Kay and Kay, 1994] . Definitions of plate segmentation based on structural investigations [Geist et al., 1988; Ryan and Scholl, 1993] , earthquake distribution [Nishenko and Jacob, 1990; Lu and Wyss, 1996] and geochemistry [Kay et al., 1982; Kay and Kay, 1994] consistently identify a block, called Four Mountains [Kay et al., 1982] , occupying the portion of line A2 where the highest velocities are observed. The western portion of line [53] The models of Kay and Kay imply that segment centers, where relatively little intra-arc extension is taking place, might host the production of comparatively felsic lavas by high-pressure fractionation of rising, mantle wedge derived magmas. Correspondingly, low-pressure fractionation, which would be expected to yield more mafic lavas, might occur at segment edges [Kay et al., 1982; Kay and Kay, 1994] . If primary magma compositions are relatively constant, but extrusive volcanism is more felsic in segment centers, a larger volume of mafic residua of fractionation must reside in the lower or middle crust beneath these more felsic magmatic centers. One explanation for the high velocities observed in the lower crust around model km 475 is that it is composed of the mafic cumulates necessary to create the relatively felsic surface volcanics and shallow plutons.
[54] Further evidence for the correspondence of relatively felsic volcanism with more mafic residue is provided by the geochemistry of volcanoes on Umnak Island, which straddles the Cold Bay and Four Mountains blocks, as defined by Kay et al. [1982] (Figures 1 and 10 ). Okmok and Recheshnoi volcanoes are 50 km apart, yet have different major element compositions and corresponding fractionation trends [Miller et al., 1992] ; Okmok is relatively mafic and tholeiitic, while Recheshnoi is relatively felsic and calc-alkaline. In our velocity model, Recheshnoi and Okmok are at model km $475 and 520, respectively (Figure 8 ). Note the change in lower-crustal velocities over this interval, from $7.7 km/s beneath the more felsic Recheshnoi to 7.5 km/s beneath the more mafic Kelemen et al. [2003c] . Note that high velocities in the lower crust appear to correspond to relatively high values of SiO 2 in lavas within this segment.
Okmok. Figure 11 shows a section of our velocity model around the Four Mountains block together with a plot of wt% SiO 2 for lavas in the same area, which demonstrates a first-order anticorrelation between lower-crustal velocity and SiO 2 content of lavas.
[55] Lateral variations in temperature also likely contribute to for velocity variation in the lower crust within arc segments. As mentioned before, the edges of structural blocks are probably associated with intra-arc extension. This extension may allow warm material to rise to shallower levels of the arc at arc segment edges than in arc segment centers [Singer and Myers, 1990; Singer et al., 1992] . In this case, higher geothermal gradients and lower seismic velocities would be expected near segment edges and lower geothermal gradients and higher seismic velocities would be expected in segment centers. A variation of $750°C, calculated using a dV/dT of 5.6 Â 10 À4 [Korenaga et al., 2002] , would be required to produce observed alongarc variations in velocity. As such extreme temperature variations are unlikely, we conclude that temperature changes contribute to, but are not solely responsible for, along-arc velocity variations.
[56] Higher temperatures and low-pressure fractionation associated with segment edges would be expected to produce lower velocities than the cooler temperatures and high-pressure fractionation associated with segment centers. Consequently, we assert that variable composition of mafic cumulates and, to a lesser extent, variable thermal gradients in the arc crust explain the high velocity lower crust within the arc segment (Figure 10 ).
Average Crustal Velocity and Major Element Composition
[57] Average crustal velocity is a useful parameter for evaluating crustal composition because it represents the bulk composition of arc material regardless of modifications that create variations in middle-or lower-crustal velocity [e.g., Smithson et al., 1981; Kelemen and Holbrook, 1995] . Primitive lava compositions (Mg # > 0.6), which have undergone little crustal modification from possible primary magmas (Mg # > $0.7), should also represent the composition of material added to the arc prior to crustal differentiation. Along line A2, average crustal velocities below 10 km increase eastward in the central Aleutians from 174°to 164°longitude (Figure 12 ). This firstorder change in average crustal velocity roughly corresponds to trends in the composition of primitive lavas. On the scale of the entire oceanic Aleutian arc, from 165°E to 165°W, there are clear major element trends in which MgO increases and SiO 2 decreases eastward [Kelemen et al., 2003c] (Figure 13) . Even in the range of latitude covered by line A2, less obvious but similar trends are observed ( Figure 13 ). While seismic data along line A2 are too coarse and geochemical trends too subtle to provide definitive evidence for a link between average crustal Figure 12 . Average crustal P wave velocity for depths >10 km. Velocity values shallower than 10 km are excluded because these velocities are affected by variable porosity and fracture distribution [Carlson and Gangi, 1985] . Note that there is a westward decrease in average crustal velocity. velocity and surface geochemistry, these data do imply a first-order correlation.
[58] Calculations using the relationship of SiO 2 and MgO to velocity given by Kelemen and Holbrook [1995] show that the magnitude of variation of crustal velocity across the central Aleutians (e.g., the change in velocity between model km 100-350 and 450-650) is consistent with variations in SiO 2 and MgO taken from the trend lines on Figures 13a and 13b . The relationship between wt% SiO 2 and wt% MgO and P wave velocity can be expressed as follows [Kelemen and Holbrook, 1995] : The values for wt% SiO 2 and wt% MgO at the western end of line A2 (taken from the linear trend line) are 53.25 and 7.5, and together these predict an average V p of 6.99 km/s. Likewise, values for wt% SiO 2 and wt% MgO at the eastern end of line A2 are 49.1 and 9.7, and they predict an average V p of 7.16 km/s. For observed changes in SiO 2 and MgO across the central Aleutians, a $0.16 km/s change in average crustal velocity should be observed between the western and eastern ends of line A2. Absolute values of calculated V p compare well to the values predicted above, though slightly higher, where 7.09 km/s is the average V p at the western end of line A2 (model km 100-300) and 7.22 is the V p at the eastern end (model km 400-650). Perhaps more important than the absolute correspondence of V p , wt% SiO 2 and wt% MgO is that the change in V p across line A2, $0.14 km/s, is consistent with observed changes in primitive lava compositions. In summary, relative changes in MgO and SiO 2 predicted by primitive lavas are observed in average crustal velocity.
[59] If this correlation between primitive lavas and average crustal composition is significant, it suggests that major element geochemistry of lavas with Mg # > 0.6 is a good proxy for relative changes in average crustal compositions of arcs. While this correlation is tenuous in the central Aleutians, where major element trends in primitive lavas are weak, we anticipate a more robust correspondence between geochemistry and average velocity in island arcs where along-arc changes in subduction parameters (e.g., convergence rate and obliquity, age of subducting plate) are more dramatic.
[60] Along-arc changes in primitive lava composition and average crustal velocity along line A2 might be explained by a westward increase in subduction obliquity or a westward decrease in the age of the subducting plate [Defant and Drummond, 1990; Yogodzinski et al., 1995; Green and Harry, 1999] . The same trends in major element composition are more pronounced further west, where subduction is considerably more oblique and subducting oceanic crust is younger [Yogodzinski et al., 1995; Kelemen et al., 2003c] .
Implications for the Creation of Continental Crust
[61] The bulk composition of the central Aleutian island arc, derived from seismic velocity, is significantly more mafic than average continental crust; the lower crust, particularly, creates challenges for models that require the accretion of island arcs to create continental crust, as it appears to be composed of ultramafic-mafic cumulates. However, there are some components of the arc that might contribute to the formation of continental crust. While the middle crust of the central Aleutians has a higher average velocity than continental crust at similar depths (6.31-6.47 km/s), it does resemble lower continental crust (6.78-7.02 km/s) [Christensen and Mooney, 1995] . As a result, it is possible that the upper and middle crust might be suitable building blocks for continental crust. However, the high-velocity lower crust in the Aleutian arc would need to be significantly modified in order to have velocities similar to continental lower-crustal velocities or might need to be removed altogether [Kay and Kay, 1988; Kay and Kay, 1993; Jull and Kelemen, 2001] .
Conclusions
[62] A new velocity model along line A2, which parallels the central Aleutian island arc, indicates high velocities of 6.5-7.3 km/s in the middle crust and 7.3-7.7 km/s in lower crust and a total crustal thickness of 35-37 km. Our analysis uses a wellconstrained 3-D ray tracing/2.5-D inversion technique to model this sparse, 3-D data set and incorporates information on shallow velocity structure to limit the propagation of shallow velocity structure deeper in the model. The resulting velocity model differs from previously published models generated from this data set in that it contains greater lateral continuity and vertical stratification, and consistently higher middle-and lower-crustal velocities. Middle-crustal velocities together with outcrop geology and recent calculations of velocity for igneous assemblages over a range of pressures and temperatures suggest that the middle crust is composed primarily of plutons with basaltic and andesitic compositions [Kay et al., 1990; Kelemen, 1995; Behn and Kelemen, 2003; Kelemen et al., 2003a] . High velocities in the lower crust suggest that it is composed of ultramafic-mafic cumulates and/or garnet granulites [Miller and Christensen, 1994; Christensen and Mooney, 1995; Behn and Kelemen, 2003] . The highest lower-crustal velocities along line A2 are located in the center of an arc segment and likely represent the mafic residua of high-pressure fractionation and lower temperatures in the comparatively compressive stress regime. Trends in the composition of primitive lavas (Mg # > 0.6) match along-arc variations in average crustal velocity to the first order, although trends in both composition and velocity data in this part of the Aleutian island arc are very subtle. Finally, although the Aleutian arc crust as a whole is significantly more mafic than average continental crust, the upper and middle crust might be suitable building blocks for continental crust if the lower crust were significantly modified or removed by delamination. 
